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Abstract
Quantum communication (QC) concerns the faithful transmission of quantum states between separated parties, and
represents a key enabler for many quantum applications, ranging from quantum key distribution (QKD) to dis-
tributed quantum computing. However, low information rates and short propagation distances, due to high channel
losses and perturbations of the quantum states, limit the development of this field and its practical applications. High-
dimensional (Hi-D) quantum communication can address these challenges by adding more information per photon,
directly enhancing the information rate and the system’s error tolerance. We transmit Hi-D quantum states using
photons prepared in four orbital angular momentum (OAM) modes in a 1.2 km long OAM-carrying fiber. This is
the first experimental demonstration of Hi-D quantum states transmission using the OAM basis over an optical fiber.
Furthermore, we successfully implement a real-time decoy-state Hi-D QKD protocol, and demonstrate the highest
secret key rate and longest transmission distance of OAM-QKD presented to date.
Introduction
Quantum communication (QC), i.e. the transfer of a quan-
tum state from one user to another, is an emerging field with
many promising applications [1, 2]. Its usefulness and range
of applicability strongly depends on the extent to which quan-
tum channels can be reliably and efficiently implemented. The
distribution of quantum states may be obtained through op-
tical channels like optical fibers, free-space links or indeed
under-water links [2–8]. The main limitations in QC experi-
ments today are the relatively short achievable transmission
distances (a few hundred km) and the low transmittable bit
rates. Introducing high-dimensional (Hi-D) quantum states,
it is possible to increase the information rate per transmit-
ted photon, as each photon will carry more information. This
higher information efficiency has the benefit of increasing the
robustness to channel noise, resulting in an increased error
threshold [9–11]. The generation, transmission and detection
of high-dimensional quantum states is very challenging and
only a few experimental realizations have been achieved for
Hi-D QC protocols [12–15]. Multiple degrees of freedom, or
a combination of them, can be used for the generation of Hi-
D-quantum states, for instance time, frequency, space, phase
and polarization [2, 16]. However, only some of these can be
considered unbounded and are not limiting the final perfor-
mance of the system. For example, by increasing the dimen-
sions in the time-encoding scheme, the repetition rate of the
system is lowered, so the overall information rate does not
increase, whereas frequency- and space-encoding are theoret-
ically unbounded enabling increased information rates (see
Supp. Mat.).
Spatial states, like lateral modes, constitute a suitable dis-
crete set of Hi-D states for quantum encoding. Orbital an-
gular momentum (OAM) modes are particularly interesting
for fiber based communications, since their orthogonality is
well preserved (low crosstalk) through an optical fiber. These
modes are characterized by an azimuthal phase dependence
(exp(i`θ)) that generates a twisted wavefront, and are com-
posed by photons carrying `h¯ of orbital angular momen-
tum, where ` is an integer referred to as the topological
charge. However, OAM fiber transmission with more than
two modes has only been utilized for classical communication
so far [17, 18]. Quantum and classical communications with
twisted light have been demonstrated up to 143 km [19–26].
In this work, we experimentally demonstrate the first trans-
mission of Hi-D quantum states, encoded in four OAM modes
and their superposition, over a 1.2 km long OAM-supporting
fiber. To verify the correct transmission of the quantum states,
we implement both a two-dimensional (2D) and a 4D de-
coy state quantum key distribution protocol [27]. Figure 1
c) shows a comparison to hitherto published space-encoding
QKD works. This work presents the highest transmitted key
rate and the longest transmission distance to date for OAM
systems.
High-dimensional quantum states using OAM
The quantum states used in this work are based on a sub-space
of four OAM states designated by their topological charges
Ω = {|+6〉 , |−6〉 , |+7〉 , |−7〉} and supported by the OAM
fiber (Figure 1 b)). To generate and detect these OAM states
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Figure 1 a) Schematic of the experiment. A continuous wave (CW) laser beam is carved into pulses using an intensity modulator (IM). A
phase modulator (PM) is used to actively control the polarization of the pulses and a variable optical attenuator (VOA) is utilized to reach
the quantum regime. The weak coherent pulses, with polarization states |L〉,|R〉,|D〉,|A〉 (	≡ |L〉 and≡ |R〉), are sent through vortex plates
to obtain an OAM charge (determined by the input polarization) and are then ready for the transmission through the air-core OAM-carrying
fiber. After fiber transmission, the weak pulses are sorted according to their topological charge magnitude and detected. The quantum
states prepared are |ψi〉 (left-side) and |φj〉 (right-side), where the states |φj〉 in figure are not normalized. b) Air-core fiber. The air-core
fiber cross-section is shown along with the refractive index profile (n). The 3 µm radius air gap in the middle creates a large index contrast
to a high-index ring (radius 8.25 µm), which facilitates the propagation of OAM modes with their characteristic circular intensity patterns
(I/Imax). c) Performance comparison. The demonstrated key rate (Rsk) as a function of distance for different space-encoding based QC
experiments is reported. Blue dots are demonstrations reported in literature. Red star is the secret key rate obtained in this work for a fiber
based 4D QKD protocol. Note that [12, 15, 20, 22–24] are real-time implementations of QC and [21] is a proof of principle experiment. This
work and references [12, 15] are performed at telecom wavelengths, i.e. around 1550 nm.
in practice, we furthermore employ the polarization degree of
freedom. Our generic quantum states can thus be written as:
|Θ〉 =
D
∑
n=1
an |σ, `〉 (1)
where ∑Dn=1 |an|2 = 1, D is the Hilbert space dimension and
|σ〉 and |`〉 are the polarization and OAM quantum states re-
spectively. We adopt the standard basis for the polarization
states as Π = {|L〉 , |R〉} (left- and right-handed circular po-
larizations), so that diagonal and anti-diagonal states can be
written as |D〉 = (|R〉+ |L〉)/√2 and |A〉 = (|R〉 − |L〉)/√2,
respectively. Thus, in Equation (1), D = 8 and |σ, `〉 =
|σ〉Π |`〉Ω, with∑8n=1 |an|2 = 1. In our implementation, we use
only quantum states whose spin angular momentum (SAM)
(i.e. the polarization) and OAM are anti-aligned. States with
aligned SAM and OAM can in principle be used as well, but
for simplicity of the experimental setup, we confined the ex-
periment to the anti-aligned case. As a consequence, the
Hilbert space shrinks from an eight- to a four-dimensional
space. Hence, our general ququart is given by:
|Θ〉 = a1 |R,+6〉+ a2 |L,−6〉+ a3 |R,+7〉+ a4 |L,−7〉 (2)
with ∑4k=1 |ak|2 = 1. We now define the states |ψi〉 and
|φj〉 (with i, j = 1, . . . , 4), which constitute the two mutu-
ally unbiased bases (MUBs) for the Hi-D QKD application.
The states |ψi〉 constitute the four-dimensional computational
basis (Figure 1 a) left), whereas the states |φj〉, correspond-
ing to superpositions of |ψi〉, are given by the expression
1
2 ∑
4
m=1 e
iζm |σ, `〉m with ζm ∈ {0,pi} (Figure 1 a) right). See
Supp. Mat..
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Figure 2 Experimental setup. Fast Mach-Zehnder Interferometer (MZI) switches, controlled by digital signals from a field programmable
gate array (FPGA), allow the real-time preparation of |ψi〉 and |φj〉 states. Only a single MZI is required to separately generate the states |ψi〉
and |φj〉 (dashed edges MZI). Note that, within the set |ψi〉 or |φj〉, the states are prepared in real-time mode. At the input of the MZI we
inject a continuous wave laser (1550 nm) carved into pulses by an intensity modulator (IM) driven by the same FPGA. A second IM is used to
implement a three-intensity decoy-state technique for the QKD protocols. A variable optical attenuator (VOA) allows to reach the quantum
regime. The polarization of the quantum states is prepared by a PM. Two different voltages are chosen to yield D and A polarizations at the
output of the PM. Vortex plates with topological charge ` = +6 and ` = +7 (Q1, Q2) assign different OAM orders to the quantum states.
The quantum states are then coupled into the air-core fiber. After the fiber transmission, an OAM mode sorter is implemented to separate
even from odd modes (` = |6| and ` = |7|). Two other vortex plates, identical to the previous, are used to convert from OAM to Gaussian
modes. After the OAM sorter, the quantum states |ψi〉 and |φj〉 are separated using their polarization. HWP and QWP are used to convert the
circular to linear polarization, while a polarization beam splitter (PBS) is used to separate between two orthogonal polarizations. To measure
the relative phase between different angular momenta (|`|-values) in the |φj〉 states, a free-space MZI is used at the output of the mode sorter.
Four single photon detectors (D1-D4) are connected to the outputs. The insertion loss is measured to be approximately 9 dB for the |ψi〉
receiver and 10 dB for the |φj〉 receiver.
Generation of the quantum states
Figure 1 a) shows a schematic of the experiment and the ba-
sic concept is described in the caption text. Essentially, weak
coherent pulses are polarization modulated through a phase
modulator (PM) and subsequently vortex plates allows for the
spin-orbit coupling. 4D OAM symbols are thus created, trans-
mitted and detected. Figure 2 shows the detailed experimen-
tal setup. An intensity modulator (IM), controlled by a field
programmable gate array (FPGA), carves out pulses with 0.6
GHz repetition rate and 100 ps pulse width of a continuous
wave (CW) laser emitting at 1550 nm. A variable optical atten-
uator (VOA) is used to reach the quantum regime (in average
less than one photon per-pulse). Fast Mach-Zehnder interfer-
ometers (MZIs) allow real-time preparation and selection of
the quantum states |ψi〉 and |φj〉. MZI-1 is used to select be-
tween the two Hi-D MUBs, where MZI-2 is used to encode
states from |ψi〉 and MZI-3 is used to encode from |φj〉. For
this experiment, only one MZI is employed, allowing the real-
time preparation of the quantum states |ψi〉 or |φj〉, i.e. one
MUB at time. Note that we are not limiting the performance
of the real-time QKD protocol, since the two MUBs are exclu-
sive, i.e. they are never selected at the same time. Moreover,
for QKD protocols a second IM is used to implement a three-
intensity decoy-state technique [27]. The MZI chooses a path
through the transmitter, which corresponds to the generation
of specific OAM states. In each path a PM modulates the po-
larization of the weak coherent pulse. These polarizations de-
termine the OAM state when passed through the vortex-plates
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Figure 3 a) Schematic of the OAM mode sorter and its performance with classical light. Implementation of the OAM sorter, which divides
even from odd spatial modes. In our case the sorter is used to split ` = |6| from ` = |7|. A continuous wave laser at 1550 nm is used to
characterize the OAM sorter with classical light, and the output intensity profiles for the input ` = |6| and ` = |7| are shown. Images are
acquired with an infrared camera. We select one single |`| order as input and the two outputs are simultaneously captured (ER of 19 dB). b)
Performance of the mode sorter with weak coherent pulses. A weak pulsed laser (mean photon number per pulse µ = (5.2± 0.2)× 10−3) at
1550 nm, with pulse width 100 ps and repetition rate of 0.6 GHz, is used to test the mode sorter in the quantum regime after the transmission
of the quantum states through 1.2 km fiber. The histograms represent the OAM pulses, folded on a time-slot, for the different input/output
combinations. The visibilities obtained in the quantum regime are V(|6|) = 0.97± 0.03 and V(|7|) = 0.98± 0.03.
(Q1, Q2). Following the central path, via MZI-3, two specific
voltage settings of the PMs are used to generate the diago-
nal (D) and anti-diagonal (A) polarizations at the output of
the PMs, which subsequently are used to create the |φj〉 states.
To create the |ψi〉 states (MZI-2), free-space half- and quarter-
wave plates (HWPs, QWPs) are used to obtain left- and right-
handed circularly polarized light (L,R).
The two vortex plates, with topological charge ` = +6 and
` = +7, generate the OAM quantum states |+6〉 , |−6〉 , |+7〉
and |−7〉 [28]. An L-polarized beam acquires a +` OAM
charge with R polarization when passing through the vor-
tex plate. Like wise, an R-polarized beam yields a −` OAM
charge with L polarization. A superposition among OAM
states with same |`|, is obtained by letting photons, with po-
larization states |D〉 or |A〉, pass through the vortex plate cor-
responding to that |`|. The superposition of quantum states
with different |`| is obtained by combining the states ||6|〉 and
||7|〉 with beam-splitters. Due to different mode group ve-
locities in the air-core fiber, a free-space delay (about 4.5 m)
is implemented before coupling the weak pulses to the fiber.
This delay is required in order to pre-compensate the different
time-of-arrivals of the modes with ` = |6| and ` = |7|. The
quantum states are coupled to the air-core fiber using a 6 mm
aspherical lens mounted on a 3-axis stage. The overall inser-
tion and coupling losses attributed to the transmitter (Alice)
are approximately 8 dB.
Air-core fiber as a quantum channel
The quantum states are coupled to the fiber that enables con-
servation of orbital angular momentum modes, as depicted in
Figure 1 b). The fiber has an air core surrounded by a high-
refractive index ring, creating a large index-difference be-
tween the center of the fiber and its outer part [29]. This struc-
ture splits the spin-orbit aligned and spin-orbit anti-aligned
states in effective index, thus allowing transmission of OAM
modes with preserved orthogonality. As previously men-
tioned, we choose only anti-aligned states. The mode delay
between ` = |6| and ` = |7| is about 15 ns and the extinction
ratio (ER) among them is reported in Table 1. A high extinc-
tion ratio is translated into a high purity of the modes and
a low crosstalk between them. The measured ER are higher
than 18 dB for both cases, enabling faithful transmission of the
states in the fiber. Note that crosstalk stemming from the cou-
pling optics adds to the intrinsic fiber crosstalk. The fiber loss
is around 1 dB/km at 1550 nm. Characterization of the fiber is
reported in Supp. Mat..
Table 1 Modes extinction ratio [dB]. Measured extinction ratio be-
tween the modes ` = |6| and ` = |7| with SAM and OAM anti-
aligned.
Detected mode ` = |6| ` = |7|
ER 18.4 18.7
Detection of OAM states
To detect the OAM quantum states the receiver (Bob) imple-
ments projective measurements to recover the encoded infor-
mation. An OAM mode sorter is used to separate even and
odd modes, in our case ` = |6| and ` = |7|, being insen-
sitive to the mode sign. The implemented mode sorter is a
free-space MZI with two Dove prisms with a relative angle
of 90◦ [30]. In Figure 3 a) a schematic of the mode sorter is
depicted. In Figure 3 a) the output intensity profiles for the
input ` = |6| and ` = |7| are reported, showing a large and
clear contrast (∼ 19 dB extinction ratio). Figure 3 b) shows the
results for weak coherent pulses, and the obtained quantum
visibilities are V(|6|) = 0.97 ± 0.03 and V(|7|) = 0.98 ± 0.03.
The visibility is defined as V = (nmax − nmin)/(nmax + nmin)
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Figure 4 a) 2D tomography measurement with 5 m fiber. The av-
erage fidelity measured over 2 minutes is 0.985± 0.006. b) 2D to-
mography measurement with 1.2 km fiber. The average fidelity
measured over 2 minutes is 0.980± 0.002. c) 4D tomography mea-
surement with 5 m fiber. The average fidelity measured over 2
minutes is 0.963 ± 0.005. d) 4D tomography measurement with
1.2 km fiber. The average fidelity measured over 5 minutes is
0.954± 0.004. All measurements were acquired with a mean pho-
ton number value of µ = (4.4± 0.3) × 10−3 for the 5 m long fiber
and µ = (9.9± 0.2)× 10−3 for the 1.2 km long fiber.
with nmax(nmin) the maximum (minimum) number of detected
events. Note that the mode sorter is polarization dependent,
so QWPs and HWPs are used to compensate polarization mis-
alignments [31]. After the sorting process, the photons are
converted back to the fundamental Gaussian mode with two
other vortex plates and then conveniently separated according
to their polarization. In particular, to measure the quantum
states |ψi〉, HWPs, QWPs and two polarization beam-splitters
(PBS) are adopted in the two arms of the sorter, as reported in
Figure 2 (receiver |ψi〉). In the case of |φj〉 states, a free-space
MZI is required to measure the relative phase difference be-
tween the OAM modes, as shown in Figure 2 (receiver |φj〉).
The photons are then detected by four InGaAs single photon
detectors and registered by a time-tagger unit. The insertion
loss attributed to Bob’s detection system is measured to be 9
dB in the receiver |ψi〉 and 10 dB in receiver |φj〉 (from the
output of the OAM fiber to the input of the detectors). These
losses may be further decreased by using non-interferometric
mode sorters [32, 33]. The entire system is firstly character-
ized and tested with a 5 m fiber link. Subsequently, a 1.2
km fiber is installed for the final experiments and demonstra-
tions. In order to characterize the system, a quantum state
tomography technique is implemented for dimension D = 2
and D = 4. Figure 4 shows the four matrices for the two
fibers, measured with weak laser pulses and mean photon
numbers (µ) of (4.4 ± 0.3) × 10−3 and (9.9 ± 0.2) × 10−3 for
the 5 m and 1.2 km, respectively. Using the definition of fi-
delity F(p, q) = ∑i(piqi)1/2, where p (q) is a discrete proba-
bility distribution with elements pi (qi), we measure in aver-
age 0.985 ± 0.006 and 0.980 ± 0.002 for the qubit (D=2) and
0.963± 0.005 and 0.954± 0.004 in the ququart case.
Hi-D quantum key distribution
To demonstrate the usefulness of quantum communication
through the air-core fiber using OAM states, we implement
real-time 2D and 4D quantum key distribution protocols [34,
35]. The mutually unbiased bases for the 2D protocol are ob-
tained by selecting and combining states within the |ψi〉 en-
semble. We choose:
M˜0 =
(|L,−6〉
|L,−7〉
)
and M˜1 = 1√
2
(|L,−6〉+ |L,−7〉
|L,−6〉 − |L,−7〉
)
(3)
The entire set of |ψi〉 and |φj〉 states constitute the MUBs for
the 4D protocol, that is:
M0 =

|R,+6〉
|L,−6〉
|R,+7〉
|L,−7〉
 (4)
M1 = 12

|R,+6〉+ |L,−6〉+ |R,+7〉+ |L,−7〉
|R,+6〉 − |L,−6〉+ |R,+7〉 − |L,−7〉
|R,+6〉+ |L,−6〉 − |R,+7〉+ |L,−7〉
|R,+6〉 − |L,−6〉 − |R,+7〉 − |L,−7〉

Following the standard authentication process between Alice
and Bob, Alice randomly switches between the two MUBs and
modulates the secret key on the different states (two or four,
depending on the dimension). Usually, one of the two bases
provides the key and the other monitors the presence of an
eavesdropper. After the transmission through the OAM-fiber,
Bob decides in which of the two bases to project the quantum
states (i.e. M0 (M˜0) or M1 (M˜1) bases). Photons measured
in the wrong basis will be discarded during the sifting proce-
dure. The protocol implemented can be considered as a BB84
with a three-intensity decoy-state method (µ, ν, ω) with di-
mensions D = 2 and D = 4. After the transmission of the
quantum states, the error correction and the privacy amplifi-
cation procedures are implemented. The final secret key rate
is thus established using [35]:
R ≥ IAB −min(IAE, IBE) (5)
where IAB represents the classical mutual information be-
tween Alice and Bob (IXY = h(X) − h(X|Y)), with the
marginal entropy defined as h(X) = ∑x∈X −p(x) log2 p(x),
where p(x) is the marginal probability distribution. The final
secret key rate in Equation (5) depends on the strategy of the
eavesdropper. We here consider the case of individual and
collective attacks (IAs, CAs) [35]. In the case of decoy-state
quantum key distribution the secret key rate is [11]:
Rsk = Qψ,1[log2 D− hHi−D{eφ,1}]−Qψ∆leak (6)
5
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Figure 5 a) Real-time QBER as a function of time for the qubit encoding. Blue dots are the experimental data collected in the M˜0 basis.
Red dots represent data for the M˜1 basis. The average QBERs in the M˜0 and M˜1 bases are 6.7% and 7.9% respectively. Both QBER values
are below the 2D individual attacks (IAs) and collective attacks (CAs) limit, that is 14.6% and 11.0% respectively. b) Real-time QBER as a
function of time for the ququart encoding. Blue dots are the experimental data collected in theM0 basis. Red ones represent data for the
M1 basis. The average QBERs in theM0 andM1 bases are 14.1% and 18.1% respectively. Both QBER values are below the high dimensional
IAs and CAs thresholds, that is 24.0% and 18.9% respectively. c) Transmitted secret key rate as a function of the channel losses. The light
blue (light red) square represents the rate measured after transmission through the 1.2 km fiber, while the blue (red) squares are obtained by
adding further channel losses with a variable optical attenuator in the case D=4 (D=2). The secret key rates obtained after 1.2 km long fiber
are 21.8 kHz for D = 2 and 37.43 kHz for D = 4. The parameters used are µ = (9.9± 0.2)× 10−3, ν = (8.8± 0.1)× 10−3, ω = 3.2× 10−7,
detectors efficiency ηd = 0.2 and detectors dead time td = 20 µs.
Here Qψ,1 and Qψ are the single photon and the overall gain in
theM0 or M˜0 basis and eφ,1 is the single photon error rate in
theM1 or M˜1 bases. The gain, Qz with z number of photons,
is defined as the ratio between Bob’s detection events and Al-
ice’s number of emitted pulses. hHi−D(x) is the binary entropy
in the D-dimensional case, ∆leak = hHi−D(eφ) is the fraction of
the key revealed during the error correction, and eφ is the over-
all error rate inM1 or M˜1 bases. The single-photon statistics
are estimated with the three-intensity decoy state technique.
Here we assume that Alice and Bob exchange an infinitely-
long key for simplicity, although a finite-key scenario could
equally well be considered for the key extraction [36, 37]. In
our experimental demonstration (in the case D = 4), we use a
relatively new result that shows that it is possible to obtain a
complete unconditional security proof by using fewer states in
the check basis [37]. In our case we prepare the completeM0
basis for key generation, and |φ1,2,3〉 for theM1 basis. Further
analysis of the secret key rate is reported in the Supp. Mat..
Results and discussion
The results reported in Figue 5 a) and b) show a complete
demonstration of the 2D and 4D real-time quantum commu-
nication protocol. Average QBER values of 6.7% in the M˜0
basis and 7.9% in the M˜1 basis are measured. Furthermore,
in the case of high-dimensional encoding we measured an av-
erage QBER of 14.1% in theM0 basis and 18.1% inM1. The
QBER values are obtained over ∼ 7 minutes of measurement
time and the average QBERs are below the individual and col-
lective attack thresholds. In Figure 5 c) we show the experi-
mental secret key rate for D = 2 and D = 4 as a function of
the channel loss. The light blue and light red squares are the
experimental data measured after the propagation through 1.2
km fiber. Red and blue squares are data obtained by adding
further channel loss with a VOA. The experimental data fit the
theoretical prediction (dashed lines), showing that the secret
key extraction would be guaranteed by our protocol over a
distance of∼ 14 km, with a secret key rate of 0.78 kHz and 0.40
kHz, for the 2D and 4D case respectively. Positive secret key
rates of 21.81 kHz (D = 2) and 37.43 kHz (D = 4) are obtained
after 1.2 km fiber. An enhancement of 71% in the final key rate
is achieved by using high-dimensional encoding. These val-
ues are limited by the dead time and by the efficiency of the
single-photon detectors used in the current experiment (20 µs
dead time and 20% efficiency). We expect to achieve higher
rates with faster detectors, such as superconductive nanowire
single-photon detectors (SNSPDs) with very high efficiency
(80%), low dark counts (around 100 Hz) and low dead time (20
ns), i.e. a sifted key rate of 1.5 MHz can be obtained with such
detectors. Additionally, the superposition states in the OAM
fiber slowly drift due to temperature and geometric perturba-
tions, so that implementing a phase-locked loop monitoring
the phase through the fiber might help to increase stability, as
shown in [15]. However, in the current setup, without any ad-
ditional stabilization loops, a successful long term measure-
ment was conducted for about 2 hours for the M0 basis, as
shown in Supp. Mat.. Contrary to most other Hi-D setups re-
ported to date, where only one quantum state can be detected
at a time, our optical receiver design enables a higher detection
efficiency and secret key generation rate [7, 21]. Moreover, in
principle it allows a complete device-independent demonstra-
tion and loopholes free measurements for non-locality tests
[38, 39]. Indeed, for a D dimensional Hilbert space detection
loophole free test, D + 1 outcomes are required to strictly vi-
olate Bell’s inequalities. However, projecting on N < D out-
comes, only a subset of all emitted pairs are measured, intro-
ducing possible classical correlation [16, 40].
6
Conclusions
In this work, we propose and demonstrate the use of twisted
photons for fiber based high-dimensional quantum communi-
cation. We successfully prove the principle by sending two-
and four-dimensional MUBs through 1.2 km of a special air-
core fiber. Superposition states of different OAM modes have
been generated, transmitted and detected in the experiment.
The QBERs and secret key rates confirm the correct transmis-
sion and interpretation of the QKD schemes. These results
represent a key point for the development of distributed quan-
tum applications, proving that fiber based spatial modes pro-
tocols can be used for quantum communications. This exper-
iment paves the way for future investigation on distributed
high-dimensional entangled states and on fundamental prop-
erties of quantum mechanics, using OAM fibers.
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